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Department of Pediatrics, Pediatric Exercise and Genomics Research Center (PERC), University 
of California, Irvine School of Medicine, Irvine, California
Abstract
Introduction: Physical activity and fitness are essential for healthy growth in children. The 
National Health and Nutrition Examination Survey (NHANES) evaluated fitness by estimating 
V
.
O2max from submaximal measurements of heart rate (HR) during graded treadmill exercise. Our 
aims were (a) to examine how well NHANES methodology used to estimate V. O2max correlated 
with actual VO2max and (b) to evaluate a novel fitness metric using actual data collected during 
exercise and its relationship to physical activity and sedentary time, lipid profiles, and body 
composition.
Methods: Fifty-three adolescents completed NHANES submaximal exercise protocol and 
maximal graded cardiopulmonary exercise testing. We used a novel approach to quantifying 
fitness (Δvelocity × incline × body mass (VIM)/ΔHR slopes) and evaluated its relationship to 
physical activity and sedentary time using NHANES data (n = 4498). In a subset (n = 740), we 
compared ΔVIM/ΔHR slopes to NHANES estimated V
.
O2max and examined their relationship to 
cardiovascular risk factors (BMI percentiles and lipid levels).
Results: Measured V
.
O2peak was moderately correlated with NHANES estimated V
.
O2max (r = 
0.53, P < 0.01). Significantly higher ΔVIM/ΔHR slopes were associated with increased physical 
activity and decreased sedentary time. ΔVIM/ΔHR slopes were negatively associated with LDL, 
triglycerides, and BMI percentiles (P < 0.01). In general, the two fitness models were similar; 
however, ΔVIM/ΔHR was more discriminating than NHANES in quantifying the relationship 
between fitness and LDL levels.
Conclusion: We found that the NHANES estimated V. O2max accounted for approximately 28% 
of the variability in the measured V
.
O2peak. Our approach to estimating fitness (ΔVIM/ΔHR 
slopes) using actual data provided similar relationships to lipid levels. We suggest that fitness 
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measurements based on actually measured data may produce more accurate assessments of fitness 
and, ultimately, better approaches linking exercise to health in children.
Keywords
adolescents; cardiorespiratory fitness; children; exercise
1 ∣ INTRODUCTION
The objective of this study was to test a novel analytic approach for quantifying physical 
fitness in pediatric populations. New approaches are needed for several reasons. First, 
physical fitness in children tracks across the life span1-3 and plays a mechanistic role in the 
diagnosis, therapy, and prevention of both pediatric and adult diseases.4-6 For example, 
higher levels of fitness in children and young adults are associated with lower cardiovascular 
disease risk and mortality.7 Despite this, common approaches to cardiopulmonary exercise 
testing (CPET) in children do not yet exist.8 Second, although peak or maximal oxygen 
uptake (V. O2max) is the predominant biomarker of physical fitness in children and adults, its 
measurement requires elaborate CPET equipment and personnel. These factors have limited 
the feasibility of laboratory CPET to quantify physical fitness in large population and/or 
field-based studies.
Consequently, in many cases, V
.
O2max is estimated from submaximal exercise tests or field 
tests. The actual data collected [typically, minutes or seconds from a mile run; or number of 
laps completed in the 20-m shuttle9,10] are used in complex algorithms to calculate V. O2max. 
The algorithms often include subjective data on the participant's level of habitual physical 
activity or normative values obtained from studies in adults. Such approaches can confound 
data interpretation due to misspecification, collinearity, inappropriate reference values, and 
mathematical coupling.11-14 As noted in a recent review of pediatric CPET by Pianosi and 
coworkers,15 in contrast to peak V
.
O2 actually measured in CPET, peak V
.
O2 estimates 
derived from submaximal tests “are characterized by large variability, and therefore less 
reliability, validity, and robustness”.
In this research, we examined the protocols and predictive equations used to gauge fitness in 
the National Health and Nutrition Examination Survey (NHANES) study in adolescents, one 
of the largest datasets of physical fitness collected in youth.16 The NHANES method has not 
been validated in adolescents to our knowledge. As highlighted below and shown in Figure 
1A, the NHANES estimated V
.
O2max is calculated from a series of variables ranging from 
actually measured heart rate (HR) to survey recall approximations of habitual physical 
activity (including prediction equations derived from primarily middle-aged men). The 
directly measured HR, as well as predicted values for V
.
O2, is determined in large measure 
by the participant's work rate, and in treadmill exercise, work rate is a direct function of 
treadmill velocity and incline. The first aim of our study was to examine the criterion 
validity of the NHANES estimated V
.
O2max methodology by comparing the NHANES 
estimated V
.
O2max (NHANES submaximal protocol) with actual VO2max in a current study 
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sample of adolescents. The second aim of our study was to evaluate a novel fitness metric 
(VIMHR fitness biomarker) using actual data collected during exercise and its relationship 
to key moderators and mediators of physical fitness such as body mass, habitual physical 
activity and sedentary time, and circulating lipid levels. To accomplish this aim, we 
reanalyzed existing NHANES data from 4498 participants using an approach to calculating 
work rate on a treadmill described by Bar-Yoseph et al17 We hypothesized that useful 
biomarkers of fitness in the NHANES cohort of adolescents could be simplified by relying 
on actually measured variables, namely HR, body mass, and treadmill velocity and incline 
(VIM-HR fitness biomarker; Figure 1B). By using the available data, our approach to fitness 
would minimize assumptions and possible errors compared to traditional estimates of V
.
O2
max and help avoid some of the possible confounding effects.
2 ∣ METHODS
2.1 ∣ Current study sample (UCI PERC)
2.1.1 ∣ Visit 1: Baseline data, cardiopulmonary exercise testing, and body 
composition—This study was approved by the institutional review board at the University 
of California, Irvine (UCI), and informed consent and assent were obtained from all 
participants and their legal guardians. Fifty-three healthy 12- to 18-year-old adolescents 
participated in the age range that matched the NHANES cohort. The study consisted of two 
separate visits to the UCI Pediatric Exercise and Genomics Research Center (PERC) 
laboratory.
Anthropometric measurement and body composition: Standard calibrated scales and 
stadiometers were used to determine weight and height. Body mass index (BMI) was 
calculated as weight in kilograms divided by height in meters squared. Sex-specific BMI 
percentile-for-age and BMI categories were calculated.18
Cardiopulmonary exercise testing: The participants performed a standardized maximal 
progressive intensity protocol on a treadmill in which velocity and incline increased 
throughout the test. Gas exchange was measured breath-by-breath, and HR was measured 
continuously. The increase in treadmill velocity and incline was designed to achieve as linear 
a V
.
O2 response to exercise as possible.
17
 Peak V
.
O2 was calculated as the 20-second rolling 
averages of the highest value over the last 2 minutes of progressive exercise. We used 
respiratory exchange ratio ≥ 1.0 to corroborate that the participant exercised at or close to 
maximal exercise.19
2.1.2 ∣ Visit 2: NHANES Submaximal exercise protocol—We followed the 
NHANES submaximal exercise testing protocol to determine the NHANES estimated V
.
O2
max/kg. Schematics of two approaches to measuring V
.
O2max (direct measurement and 
NHANES estimated) are shown in Figure 1A,B. The NHANES fitness variable, V. O2max/
body weight, is expressed in units of milliliter O2 per minute per kilogram. Gas exchange 
was not measured in the NHANES dataset. Instead, participants performed a submaximal 
treadmill exercise protocol and the investigators used HR data obtained at two different work 
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intensities (stages 1 and 2) to estimate V. O2max. In our analyses, we included HR and gas 
exchange at warm-up and at stages 1 and 2 to use as much of the available data.
NHANES Submaximal exercise testing protocol: determination of treadmill velocity 
and incline: In order to determine an appropriate treadmill velocity and incline for the 
stages, the NHANES protocol first calculated a predicted V
.
O2max for each participant using 
a prediction formula20 that used age (years), weight, height, sex, and an estimate of habitual 
physical activity, physical activity readiness (PAR).
Predicted V
.
O2max (ml/min/kg) = 56.363 + (1.921 × PAR) − (0.381 × Age) − (0.754 × BMI) 
+ (10.987 × Sex).
Sex was determined as male = 1 and female = 0. The PAR was based on a physical activity 
recall questionnaire (scores ranging from 0 to 7). Based on the participant's calculated 
predicted V
.
O2max, he or she was assigned to 1 of 8 treadmill test protocols that specified 
treadmill velocity, incline, and duration for a warm-up (2 minutes) and stages 1 and 2 (3 
minutes each). For participants, 12-18 years old, the predicted protocol was subtracted by 2 
to get the assigned protocol for this age-group; protocols 1, 2, and 8 were excluded in this 
age-group. The stages were selected to achieve V
.
O2 (had it been measured) equal to 45% 
(warm-up), 55% (stage 1), and 75% (stage 2) of maximal values. The selection of velocity 
and incline for the stages is a critical determinant of the NHANES fitness calculation, 
because the estimated value of V
.
O2 at each stage was used along with the measured value of 
HR to ultimately estimate V
.
O2max (Figure 1A). HR data were recorded at the end of warm-
up and at each exercise stage.
NHANES Calculation of estimated V
.
O2max: As shown in Figure 1A, the NHANES 
estimated V
.
O2max (ml/min/kg body weight) is based on three key assumptions:
• HR and V
.
O2 are linearly related during progressive exercise.
• The relationship of HR and V
.
O2, when V
.
O2 is normalized to body weight, is 
independent of body size.
• Maximal HR (HRmax) can be accurately estimated using the following equation:
HRmax = 220 − age
The linear relation between V
.
O2 and HR during exercise is given by:
HR = (ΔHR ∕ ΔV
.
O2) × V
.
O2 + b
in which ΔHR/ΔV
.
O2 is the slope and b is the y-intercept. The estimate of V
.
O2max is given 
by:
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HRmax = (ΔHR ∕ ΔV
.
O2) × V
.
O2max + b, and
V
.
O2max =
HRmax − b
ΔHR ∕ ΔV
.
O2
To calculate the slope, NHANES used the following:
Slope =
measuredHRstage 2 − measuredHRstage 1
estimatedV
.
O2stage 2 − estimatedV
.
O2stage 1
To calculate b (the y-intercept), the NHANES used the midpoint of the measured stage 1 and 
2 HR values and the midpoint of the stage 1 and 2 estimated V
.
O2 values as follows:
b = [(measuredHRstage 1 + measuredHRstage 2) ∕ 2] − Slope ×
[(estimatedV
.
O2stage 1 + estimatedV
.
O2stage 2) ∕ 2]
2.2 ∣ Analysis of existing NHANES data using a novel approach
2.2.1 ∣ NHANES Sample—NHANES fitness data, including the measured and 
estimated variables needed to calculate V
.
O2max, are available to the public.
16
 The study 
protocols were approved by the National Health Statistics institutional review board. All 
NHANES participants (or their parents/guardians) gave written informed consent. We 
retrospectively analyzed fitness data from NHANES datasets 1999-2000, 2001-2002, and 
2003-2004. The NHANES treadmill exercise protocol was completed in 4508 participants 
12 years and older (mean age 15 ± SD 2, 51% male). We included participants who had 
complete data on body composition and cardiorespiratory fitness testing (n = 4498). 
Underweight participants (BMI percentile < 5th percentile) were excluded from analyses as 
they were too few in number (n = 135).
2.2.2 ∣ Physical activity and sedentary time variables—Self-recall physical 
activity variables were dichotomized into “yes” or “no” for activities performed during the 
30 days prior to the exercise test (adapted from Pate et al21). Additionally, participants were 
asked if they thought that their amount of activity during the past 30 days was more, less, or 
about the same as that of others of the same age and sex. Sedentary activity questions 
differed by age-group. Participants aged 16-19 years reported the amount of time on a 
typical day during the past 30 days that they spent sitting and watching television or videos 
or using a computer outside of work. Children aged 12-15 years were asked about the 
previous day's television viewing and computer use/computer games separately. The two 
questions were summed and categorized as either ≤ or >2 hours per day, based on previous 
recommendations.22
2.2.3 ∣ NHANES lipid screening—We analyzed lipid levels for participants in the 
2003-2004 cohort (n = 740), including total serum cholesterol, triglycerides, high-density 
lipoprotein cholesterol (HDL), and low-density lipoprotein cholesterol (LDL).23
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2.2.4 ∣ An alternative approach to estimating fitness from the NHANES 
dataset—As can be seen in the above description, converting submaximal HR data to an 
estimate of V
.
O2max is complex (Figure 1A). In the case of adolescents, the NHANES 
approach requires substantial data obtained from participants that differed profoundly in age 
and sex.20 As noted earlier, we employed a strategy developed by Bar-Yoseph et al17 that 
minimizes assumptions and gauges fitness by relating the physiological output variable (in 
this case, HR) to as accurate as possible quantification of the driving input. We aimed to use 
the NHANES actual data to quantify fitness, namely body weight and HR measured at 
stages of treadmill exercise, in which the velocity and incline were precisely known. Relying 
on the fundamental principle that work is a function of mass × velocity2, work rate (we refer 
to as VIM) done during treadmill exercise can be calculated from the treadmill velocity (V), 
incline (I), and the body mass (M) of each participant using the following equation:
VIM = V2 × (I + 1) ×M
Treadmill incline is typically expressed as degrees or percent. Consequently, we substituted 
(I + 1) for I since otherwise the work performed at 0% incline would calculate as zero. In 
previous work, we found that VIM in treadmill CPET is highly correlated with work rate in 
cycle ergometer CPET (work rate is directly measured in cycle ergometers).17 Using VIM in 
lieu of work rate for treadmill exercise, we found expected relationships among CPET 
variables, body mass, and additional gas exchange biomarkers of the systemic physiological 
responses to exercise.
The alternative fitness biomarker was then determined as the slope of the relationship 
between HR and VIM given as ΔVIM/ΔHR. In previous studies, we have demonstrated that 
ΔVIM/ΔHR and related biomarkers such as ΔWR/ΔHR are highly correlated with peak V
.
O2, 
and, therefore, could be used as indexes of fitness.17,24,25
2.2.5 ∣ Calculating relative fitness—The NHANES estimated V. O2max has been used 
in various studies to gauge the relative fitness of an individual participant. For example, 
Carnethon et al, who evaluated the relationship between fitness and cardiovascular disease 
risk factors, calculated age- and sex-specific fitness deciles using the NHANES estimated 
fitness.26 Categories of low, moderate, and high fitness were then based on reference 
standards used for adolescents established by the Fitnessgram program.27 The Fitnessgram, 
created by the Cooper Institute, developed sex- and age-specific cardiorespiratory fitness 
cutoff values for adolescents by a panel of experts.28 As a use case, we examined the 
relationships between fitness and cardiovascular disease risk biomarkers (ie, lipid panel 
levels and BMI percentiles) in NHANES participants, as reported previously.26 Our 
alternative approach was to use the values obtained from the NHANES cohort. A linear 
regression model was applied to evaluate how body mass (weight) affects CPET variables 
(ΔVIM/ΔHR). The regression line from the normal-BMI subjects was then applied to all 
participants based on each participant's weight to calculate the percent predicted fitness 
value (ΔVIM/ΔHR). We then compared the observed to the predicted value as percent 
predicted and categorized each participant into deciles of the percent predicted value.
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2.3 ∣ Statistical analysis
Descriptive statistics are presented with mean and standard deviation (SD). Relationships 
between fitness variables were assessed using Pearson's correlation. To investigate 
agreement between the fitness variables (beyond the linear correlation), a matched pairs t 
test of non-bias and concordance correlation analyses were performed. ΔVIM/ΔHR was 
calculated for the UCI PERC and NHANES groups, and a one-way ANOVA model was 
used to compare the slopes (ΔVIM/ΔHR to body mass) between groups. Percent predicted 
ΔVIM/ΔHR slopes to physical activity variables were also compared using oneway ANOVA 
models in males and females. Deciles of percent predicted ΔVIM/ΔHR and NHANES 
estimated V
.
O2max values were calculated for males and females. For each of the five 
outcomes, models were run to examine their functional relationship with each percent 
predicted decile and NHANES estimated fitness decile. First, a model was performed to 
assess if the relationship showed a significant deviation from linear, which would suggest 
either modeling a curvilinear relationship or modeling the fitness deciles as ordinal.29 In two 
instances, triglycerides-slope fitness and BMI percentile-NHANES fitness, a deviation from 
linear was detected and follow-up models were conducted assessing the presence of a 
quadratic relationship. In both cases, the quadratic relationship was found to be statistically 
significant and thus was considered the final model. The final model for the remaining 
outcome-fitness relationships was linear (ie, deciles as continuous) and adjusted for sex, age, 
and race. To compare the two fitness approaches (percent predicted ΔVIM/ΔHR approach 
and NHANES estimated V
.
O2max) for each of the five outcomes, the Clarke test for 
comparing competing non-nested models was run.30 The null hypothesis is that each model 
provides the same level of fit in predicting the outcomes. Regression models and the Clarke 
tests were performed using SAS 9.4.
3 ∣ RESULTS
3.1 ∣ Current study (UCI PERC)
Demographics, anthropometrics, and physiological data are presented in Table 1.
3.1.1 ∣ Measured gas exchange and NHANES estimated V. O2max—The 
relationship between the actually measured and NHANES estimated V
.
O2max/kg revealed a 
moderate correlation (r = 0.53, 95% CI 0.28, 0.72, P = 0.001) (Figure 2A). Measured V. O2
peak/kg was 8.9 points higher on average than the estimated V
.
O2max/kg (P < 0.001). The 
concordance correlation coefficient was 0.33 (95% CI 0.15, 0.50) indicating a low-to-
moderate agreement between measured and NHANES estimated V
.
O2max/kg. We also found 
a moderate correlation comparing actual measured V
.
O2peak/kg and ΔVIM/ΔHR slopes 
(from NHANES submaximal protocol) (r = 0.45, 95% CI 0.18, 0.66, P = 0.002; Figure 2B). 
To identify possible sources of error in the calculation of the NHANES estimated V
.
O2
max/kg, we compared the predicted vs. the measured V
.
O2 at NHANES stages 1 and 2, 
which were significantly different with mean predicted V
.
O2 of 19.7 SD ± 4.1 and mean 
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measured V
.
O2 of 24.1 SD ± 5.8 for stage 1, and mean predicted V
.
O2 of 27.1 SD ± 5.3 and 
mean measured V
.
O2 of 32.5 SD ± 8.1 for stage 2 (P < 0.01 for stages 1 and 2; Figure S1). 
We also found significant differences between the observed HR with mean of 192.8 bpm SD 
± 16.3 and predicted peak HR (220 − age) with mean of 204.8 bpm SD ± 1.9 (P = 0.03; 
Figure S1).
3.2 ∣ Existing NHANES Study
3.2.1 ∣ Comparison of ΔVIM/ΔHR: Current study (UCI PERC) and NHANES 
study—The relationship of ΔVIM/ΔHR slopes to body mass was not significantly different 
between the current study (UCI PERC) and the NHANES study, y = 2.03x − 5.33 with mean 
slope 112.9 ± 41.6, and y = 2.36x − 18.14 with mean slope 118.6 ± 48.6, respectively (P = 
0.70; Figure S2).
3.2.2 ∣ ΔVIM/ΔHR and physical activity and sedentary time—Percent predicted 
ΔVIM/ΔHR slope values were compared to physical activity and sedentary time for both 
males and females as described (Table 2) by Pate et al.31 Overall, in both males and females, 
there were significantly higher mean fitness levels in those who reported to be physically 
active compared to those that were not active, except among males who reported moderate 
activity. Female participants who reported sedentary time, specifically screen time ≤2 hours 
daily, had significantly higher predicted fitness levels compared to those with >2 hours of 
screen time daily (P < 0.01), but no difference was seen among male participants (P = 0.21).
3.2.3 ∣ ΔVIM/ΔHR and lipid levels—We analyzed a subset of the NHANES 
participants (2003-2004) with measured lipid panels (n = 740). The lipid levels of the 
participants were generally within the normal reference ranges, with mean levels ± SD in 
mg/dL (mean ± SD in mmol/L) as follows: total cholesterol: 185.8 ± 43.7 (4.8 ± 1,1); HDL: 
53.4 ± 15.1 (1.4 ± 0.4); triglycerides: 91.1 ± 50.4 (0.95 ± 0.6); and LDL: 88.2 ± 26.9 (2.3 
± 0.7). Nineteen and a half percent of the NHANES participants had high triglyceride levels 
(>150 mg/dL or 1.69 mmol/L), and 15.1% had low HDL levels (<40 mg/dL or 1.03 
mmol/L). Total cholesterol and HDL levels were not significantly different by deciles of 
percent predicted ΔVIM/ΔHR slopes or NHANES estimated V
.
O2max. LDL levels were 
significantly negatively associated by decile of percent predicted ΔVIM/ΔHR slope (F = 
7.91, P < 0.01) and NHANES estimated V. O2max (P < 0.01; Figure 3B). Triglyceride levels 
were also significantly negatively correlated by decile of percent predicted ΔVIM/ΔHR 
slope in a quadratic model (Flin = 23.29, plin < 0.01; Fquad = 14.13, plin < 0.01) and 
estimated V
.
O2max, with a linear relationship (F = 30.06, P < 0.001; Figure 3C). For each 
outcome, the percent predicted ΔVIM/ΔHR slope and NHANES estimated V
.
O2max final 
models were compared via the Clarke test as competing non-nested models. The fitness 
models were not significantly different for total cholesterol (MClarke = 19.5, P = 0.142) or 
triglycerides (MClarke = −2.00, P = 0.908). However the percent predicted ΔVIM/ΔHR slope 
model was a statistically better fit for LDL compared to NHANES (MClarke = 32.50, P = 
0.01).
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3.3 ∣ ΔVIM/ΔHR and BMI percentiles
BMI percentiles were negatively associated by decile of percent predicted ΔVIM/ΔHR slope 
in a linear model (F = 44.29, P < 0.001) and estimated V. O2max in a quadratic relationship 
(Flin = 20.79, plin < 0.001; Fquad = 11.01, plin < 0.01; Figure 3A). The percent predicted 
ΔVIM/ΔHR slope and NHANES estimated V
.
O2max final models were compared via the 
Clarke test and not found to be significantly different (MClarke = −17.5, P = 0.210).
4 ∣ DISCUSSION
In a prospective study of adolescents, we found that the NHANES estimate of V
.
O2max 
could only account for 28% of the variability of the actually measured V
.
O2peak (Figure 2A). 
Sources of error arose in large measure from the complex equation required to convert HR 
measured during submaximal exercise to V
.
O2max. We found discrepancies between the 
measured and predicted V
.
O2 at the two stages of treadmill exercise, and between the 
measured and predicted maximal HR (using the formula: 220 beats/min – age). Moreover, in 
examining the important relationships between LDL and physical fitness in children, which 
is known to be associated with cardiovascular disease risk,32 our quantification of physical 
fitness (using VIM) proved a statistically more robust approach than the NHANES estimate 
of V
.
O2max from submaximal CPET.
Wang et al tested the NHANES treadmill protocol on a small sample of adult men and 
women (n = 17) and found that the correlation between the estimated V. O2max and measured 
V
.
O2max/peak was 0.79, greater than what we found in our group of adolescents.
33
 To our 
knowledge, the NHANES estimated V
.
O2max protocol has not been validated in a pediatric 
population and the source of the reference values for the NHANES calculation might also 
have contributed to the discrepancies between the measured and predicted values. Reference 
values for the pediatric NHANES estimated V
.
O2max were developed from a group of 
middle-aged NASA employees (9.7% females, mean age 43.7 years in males, 37.6 years in 
females).20
The widely used justification of the use of adult peak VO2 reference values for children was 
based on the observation that when V
.
O2max is scaled to body weight (as ml O2/min/kg), 
differences across age-groups seem insignificant. However, V
.
O2peak or V
.
O2max is 
correlated significantly higher with lean body mass34 than with weight because the increase 
in V
.
O2 during exercise results from work performed by skeletal muscle. Body weight 
reflects metabolically active muscle, but also body fat which is much less active than muscle 
during exercise. Additionally, the ratio of lean body mass (muscle mass) to body weight is 
not the same in children and adults.35 Consequently, great caution should be taken when 
using V
.
O2peak normalized to body weight in adults as reference values for assessing fitness 
in children.
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Since gas exchange was not measured in the NHANES dataset, we could not directly 
compare our prospectively collected fitness biomarker approaches with the NHANES data. 
However, we used several approaches to assess the possible utility of our alternative 
biomarker of fitness (ΔVIM/ΔHR). First, we compared several fundamental relationships in 
the two datasets. As seen in Figure S2, the regression equation between ΔVIM/ΔHR and 
body mass in our prospective study cohort was similar to the NHANES dataset .
We then compared ΔVIM/ΔHR with the estimated V
.
O2max used in earlier publications to 
explore the relationship between physical fitness, BMI, and habitual physical activity levels 
(by recall) in children and adolescents. The work done by each participant in treadmill 
CPET is a major determinant of HR, and the change in HR was directly measured in the 
NHANES protocol. Examination of the NHANES V
.
O2max algorithm (Figure 1) clearly 
shows that the V
.
O2max estimate is determined in large measure by the change in HR alone. 
Since both the NHANES algorithm and VIM use the change in HR, we anticipated that there 
would be broad agreement in the predictive value of the two approaches. As shown in Figure 
2, both biomarker approaches showed similar relationships.
Gauging the impact of obesity on CPET in children and adolescents is an area of much-
needed research given the interrelationship between obesity and physical fitness24 and the 
profound health consequences of childhood obesity across the life span.36 We compared the 
relationship of physical fitness to BMI, and circulating lipid levels using ΔVIM/ΔHR and 
NHANES variables as performed in previous studies.26 As shown in Figure 3, there were 
expected, general similarities between the ΔVIM/ΔHR-based fitness percentiles and the 
NHANES estimated V
.
O2max. However, ΔVIM/ΔHR slope revealed a substantially more 
robust relationship between physical fitness and LDL than the original estimated V
.
O2max 
used in NHANES. This is surprising because in regression analyses, correlations appear to 
become more robust with an increasing, not decreasing, number of parameters. This effect 
can result from collinearity and can confound the interpretation of regression results.
Our data suggest that the relationship between HR and work rate alone during submaximal 
exercise, without the complexity of converting the actually collected data to V
.
O2max, might 
prove to be a valuable biomarker of fitness. Indeed, in the Institute of Medicine Report in 
201237 focused on fitness assessments in youth, the physical work capacity at a HR of 170 
(PWC-170) was cited as a potentially reliable fitness indicator. The relatively weak 
correlation we found between NHANES estimated V
.
O2max and actually measured values 
does not negate the value of V
.
O2max; rather, it should stimulate renewed exploration into 
which of the systemic responses to exercise are most relevant to health and practical for 
widespread use.
Biomarkers of fitness are increasingly useful for clinicians and researchers as large-scale 
efforts are being made to understand the effects of physical activity on health and disease, 
and to prescribe with precision optimal levels of physical activity in children and across the 
life span. Biologists from a wide range of disciplines are increasingly attempting to improve 
accuracy in prediction equations by an overall strategy that minimizes assumptions and other 
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sources of error.38 For example, these parsimonious approaches are being used to improve 
predictive testing using advanced analytics, such as machine learning, in a wide range of 
clinical applications, such as diagnosis of autism39 and quality of life in patients with 
Cushing syndrome.40 Our analysis may accelerate the search for fitness biomarkers that are 
readily accessible for research and clinical applications targeting exercise therapies in 
children and adolescents across a wide range of disease and health conditions.
4.1 ∣ Perspective
Weak correlations between estimated and actual V
.
O2max illustrate the importance of 
exercising caution when using predictions and estimates of V
.
O2max in children as shown in 
our study. Our findings are consistent with other studies showing the large errors and biases 
when estimating V
.
O2max.
41
 We suggest that fitness measurements based on actually 
measured data may produce more accurate assessments of fitness and, ultimately, better 
approaches linking exercise to health in children for researchers and clinicians.
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FIGURE 1. 
Two approaches to fitness. A, Elements of the NHANES calculation of fitness as estimated 
V
.
O2max in ml/min/kg. The calculation assumes a linear relationship between HR and V
.
O2
during exercise. Predicted HRmax and predicted V
.
O2max were necessary for the protocols. 
The resulting estimated V
.
O2max (likely found somewhere in the gray area) differs from the 
predicted values. See text for additional descriptions. B, Elements of a new analysis of 
NHANES data to determine fitness. We have shown that a combination of the measured 
VIM variables (treadmill velocity and treadmill incline) and body mass is linearly related to 
work rate. We used the slope of the HR-VIM relationship (determined by linear regression) 
from the NHANES HR data at warm-up, stage 1, and stage 2 as a fitness variable
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FIGURE 2. 
Relationships between measured and estimated fitness variables (n = 53 adolescents). A, A 
comparison between NHANES estimated V
.
O2max and actual V
.
O2peak. B, A comparison 
between measured V
.
O2peak and ΔVIM/ΔHR slopes. Closed circles represent individual 
female subjects, open circles represent individual male subjects, and solid line represents 
linear regression of NHANES estimated V
.
O2max and measured V
.
O2peak
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FIGURE 3. 
BMI percentiles (A) and LDL (B) and triglyceride (C) levels by deciles of fitness. Closed 
circles represent mean ΔVIMΔ/HR percent predicted fitness, and open circles represent 
mean NHANES estimated V
.
O2max
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TABLE 1
Demographic characteristics of study participants
Current study
N = 53
NHANES study
n = 4508
Age, mean (SD) 15.8 (1.8) 15.0 (2.0)
Sex, n (%)
 Males 27 (51) 2305 (51.1)
 Females 26 (49) 2203 (48.9)
Race, n (%)
 Black 0 1382 (30.7)
 Hispanics 3 (6) 1812 (40.2)
 Other 19 (36) 177 (3.9)
 White 31 (58) 1137 (25.2)
BMI categories, n (%)
 Under (<5th percentile) 0 115 (2.6)
 Normal (5th-<85th percentile) 46 (87) 2828 (62.9)
 Over (85th-<95th percentile) 6 (11) 745 (16.6)
 Obese (≥95th percentile) 1 (2) 810 (18.0)
V
.
O2max, estimated mean (SD)
 Males 41.3 (7.7) 46.1 (9.4)
 Females 39.4 (6.6) 39.0 (8.6)
V
.
O2peak, measured mean (SD)
 Males 53.0 (9.7)
 Females 45.1 (7.1)
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